Five first generation ionic liquids (RTILs : BMImCl, OMImCl, AMImCl, BPyBr and OPyBr) were intercalated into the layered structure of a Na-montmorillonite by dispersion in aqueous
It is well known that many ionic liquids are soluble in water. A foreseen industrial use may thus be a source of pollution as they can be released in the environment via industrial liquid effluents. Many recent researches highlighted that the toxicity and ecotoxicity of ionic liquids may have an impact on the environment [5] . It is thus needed to find solutions for their removal.
Like other organic wastes, RTILs can be adsorbed through different mechanisms by various adsorbents, as example activated carbons [6] , layered zirconium phosphates [7] and nanosilica [8] . The adsorption capacity of natural soils [9] and sediments [10, 11] is limited and strongly dependent on their composition.
Since recently, several researches reported the intercalation of various ionic liquids into the interlamellar spaces of clays. Kaolinite was used for the adsorption of an ethyl-pyridinium chloride [12] and pyrrolidinium halides [13] . However, as the direct intercalation was unsuccessful, urea and DMSO pre-intercalated kaolinites had to be prepared before the RTILs intercalation. Smectites were modified by adsorption of mono-cationic and di-cationic ionic liquids [14] in order to produce suitable matrices for the adsorption of the tetracycline pollutant drug. Sodium montmorillonites were used for the intercalation of many RTILs, as example imidazolium [15, 16, 17] , pyridinium [18] or phosphonium salts [19] . The aim of these studies was to produce fillers for the elaboration of nanocomposites, as ionic liquids possess interesting thermal properties. Montmorillonite was also used for the adsorption of 1-n-alkylpyridinium bromides [20] , adsorption isotherms were studied at room temperature to determine the influence of the length of the alkyl chain on the adsorption capacity of the clay.
RTIL-intercalated clays can thus be used in various field, very recent researches specify the use of these organo-clays as supports for catalytic syntheses [18] .
The aim of this present work is to study the adsorption capacity of a Na-montmorillonite towards various first generation ionic liquids which are water soluble and dissociated, enabling a cationic exchange between the clay and the chosen organic cations. The cation exchange capacity of montmorillonite typically ranges between 80-150 meq/100g [21] making this material a suitable adsorbent for ionic liquids, through a cation exchange mechanism. Imidazolium chlorides and pyridinium bromides with butyl, octyl, or allyl chains were chosen to study the effect of the nature of cation and alkyl chain on adsorption.
Adsorption isotherms were studied at three different temperatures to determine the thermodynamic parameters of adsorption.
Experimental
insu-00723254, version 1 -6 May 2013 3 The five ionic liquids (Table 1) were synthesized in our laboratory according to already published procedures. 1-methyl-3-butylimidazolium chloride (BMImCl) and 1-methyl-3-octylimidazolium chloride (OMImCl) were synthesised through a neat procedure under microwave irradiation [22] . 1-allyl-3-methylimidazolium chloride (AMImCl) was also synthesised through a neat procedure under mechanical stirring [23] . Briefly, 1-methylimidazole and allyl chloride (molar ratio 1:1.25) were mixed in a round-bottomed flask fitted with a reflux condenser for 8 h at 55 °C with stirring. After appropriate time, the resulting solution was dried under high vacuum for 12 h to remove unreacted reagents and water traces to afford a slightly amber liquid. 1-butylpyridinium bromide (BPyBr) [24] and 1-octylpyridinium bromide (OPyBr) [25] were also synthesised according to known procedures. To better complete the purification, all synthesised ionic liquids were successively washed with diethylether, cyclohexane and ethyl-acetate [26] and then dried under vacuum for several days (typically 2 days) using a primary vacuum (10 -3 mbar) pump equipped with a liquid nitrogen trap in order to remove the remaining traces of solvent or unreacted reagents. The molecules geometry was defined using Chemsketch 3D. The molecule dimensions were calculated from a parallelepiped box containing the molecule. Typically, the height direction was chosen along the direction perpendicular to the aromatic plane of the cation, the length direction was chosen along a direction close to the chain length and parallel to the aromatic plane, and the width direction was parallel to the aromatic plane and perpendicular to the length direction. Sodium concentrations in solution were determined using a JENWAY PFP7 emission flame photometer (working fuel : propane, limit of detection : Na  0.2 ppm).
Thermogravimetric analyses were performed in a homemade apparatus equipped with a
Mettler balance (± 0.1 mg). About 200mg of sample were heated from 25 to 1000°C with a heating rate of 4°C.min −1 under air.
The crystalline structure of the samples was characterized by X-ray diffraction (XRD) using a Thermo Electron ARL'XTRA diffractometer in Bragg-Brentano (θ, θ) mode goniometer. give spectra with good Signal/Noise ratios; the studied wave number range was 400-4000 cm -1 according to the spectrometer beam splitter and detector (Deuterium Triglycine Sulphate).
The analyses were performed in transmission mode. About 0.5 mg clay were finely grounded and mixed with KBr. This mixture (150 mg) was pressed under 370 MPa pressure in a die to produce a pellet.
Results and discussion

Adsorption studies
X-ray diffraction analyses
The X-ray diffraction pattern of raw MMT exhibits a 00l peak centred at 2 = 7.30° ( Figure   1a ) corresponding to a basal d-spacing of 12.13 Å ( Table 2 ). For the ionic liquid modified montmorillonites, the 00l characteristic peak of the clay was shifted to lower 2 values ( Figure 1 ), leading to an increase of the interlayer spacing (Table 2) increased as the alkyl group length and thus the average steric size [27] of the cation increased (Tables 1 and 2 ). The highest interlayer distances were observed for the octyl chains as expansions of 1.67 Å and 1.78 Å were measured after OMImCl and OPyBr intercalation, respectively ( Table 2 ). For the intercalation of the ionic liquid with the shortest alkyl group (i.e. the allyl group), an expansion of only 0.67 Å was observed. The nature of the organic cation had no clear influence on the expansion of the clay, as for similar alkyl groups the difference in d-spacing was only of ~ 0.1 Å for both imidazolium and pyridinium cations.
These results suggest that the swelling of the clay is directly related to the steric size of the intercalated molecule and are in good agreement with previous studies [15, 18] .
The large 00l peak of MMT became sharper and more symmetrical after intercalation of the different ionic liquids. The narrow shape of the peaks suggests that the RTILs induced a better ordering in the stacking of the sheets ( Figure 1 ). The increase in d-spacing after intercalation was low and ranged between ~ 0.7 Å (in the case of AMImCl) and ~ 1.8 Å (in the case of OPyBr). The d-spacing expansion values were below or very close to the simulated heights of the ionic liquid cations ( Table 1 , ~ 1.8 Å), suggesting that the pyridinium and imidazolium cations were probably lying flat between the mineral sheets and arranged as a monolayer, parallel to the sheets.
Thermogravimetric determination of the RTIL intercalated amount
TGA curves of pure ionic liquids show that the decomposition of the organics started at ~ 200°C and was complete in the range 300°C-500°C, depending on the ionic liquid type ( Figure 2 ). Pyridinium salts usually possess a lower thermal stability than imidazolium ones [28, 29] . The TGA analyses confirmed this general trend as OPyBr and BPyBr started and finished decomposing before the three imidazolium molecules (Figure 2a and b) . Whatever the cation type, the thermal stability of the octyl ionic liquid was lower than the butyl one.
This is in agreement with the general trends observed for different IL families: the stability of the RTILs decreases as the alkyl group attached to nitrogen increases [31] . The fact that AMImCl starts decomposing before OMImCl and BMImCl can be explained by the higher reactivity of the double bond of the allyl group compared to saturated alkyl chains [30] .
According to the literature, the halide (Br -or Cl -) should not have any significant influence on the decomposition temperature of the pure ionic liquids [31] . The thermal stability of the five pure RTILs thus followed the trend OPyBr < BPyBr < AMImCl < OMImCl < BMImCl indicated that the amount of ionic liquid intercalated slightly decreased for Na + concentrations at least equal to 1 mol.L -1 . However, at 900°C, a difference of less than 4 mass. % was measured between the weight losses of the intercalated clays prepared with 4 mol.L -1 NaCl and without NaCl. These results suggest a strong affinity of montmorillonite for the organic BMIm + cation, and probably also for the other organic cations studied.
FTIR analyses
The infrared spectra of pure montmorillonite and RTILs-intercalated montmorillonites exhibited similar bands in the region 400-1300 cm -1 ( Figure 5 ) related to the structure of montmorillonite. The swelling of the clay by intercalation of the RTILs did not affect the frequencies of the structural adsorption bands. The large band observed at 1040 cm -1 on all the spectra, with three shoulders at 1090 cm -1 , 1120 cm -1 and 1175 cm -1 were attributed to the Si-O stretching vibration of montmorillonite [34] . The low intensity peaks observed at 938 cm -1 , 911 cm -1 and 864 cm -1 were assigned to the OH bending mode of the Al 2 OH, Fe(III)AlOH and MgAlOH groups, respectively [35] . The band at 634 cm -1 was assigned to the stretching vibration of the Al-O bonds whereas both bands observed at 530 cm -1 and 471 cm -1 were attributed to the Mg-O bonds [18] . The vibration bands of water gave two signals On spectrum of the AMIm + intercalated montmorillonite (Figure 6d ), the peak around 1600 cm -1 can be attributed to the stretching of the C=C alkenes functional group.
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The presence of the characteristic bands of the different ionic liquids on the infrared spectra of the organic-loaded montmorillonites highlights the efficiency of the adsorption process.
Adsorption isotherms of ionic liquids
Adsorption isotherms at 25°C
The presence of the alkyl chains confers an hydrophobic character to the used ionic liquids.
For this reason, the dissolved ionic liquid cations showed a great affinity for montmorillonite and thus were exchanged with the interlayer mineral cations (mainly Na + ). Kinetic studies (not shown) displayed that for the five ionic liquids, the adsorption kinetic was very quick.
After only 1 minute of contact time, whatever the ionic liquid cation, more than 80 % of cation was exchanged. The maximum adsorption equilibrium was reached at least after 15 higher than ~ 56 Å 2 , the exchange with the mineral cations can not be complete. These steric considerations could explain the fact that the adsorption capacity of MMT was higher for the butyl and allyl ionic liquids (from which calculated surface ~ 35-45 Å 2 , Table 1 ) than for the octyl ones (from which calculated surface ~ 65-70 Å 2 , Table 1 ). The higher adsorption on insu-00723254, version 1 -6 May 2013 their hydrophobic character that might be more pronounced for pyridinium cations [24, 38] .
Analyses of the sodium concentrations in the different solutions after the intercalations were in agreement with the amounts of RTILs inserted in the interfoliar space, justifying the cationic exchange mechanism.
Adsorption isotherm at different temperatures, thermodynamic study
Adsorption isotherms at 40°C and 55°C exhibited similar profiles as those studied at 25°C (Figures 8, 9 and 10 ).The affinity of MMT for the 5 RTILs followed the same order for the three investigated temperatures. The adsorption capacity of the different RTILs onto MMT increased as the temperature increased from 25°C to 55°C.
Langmuir and Freundlich models did not give satisfying results to fit the experimental data (at In order to obtain the thermodynamic parameters, the isotherms Ce = f(qe) at 25°C, 40°C and 55°C were fitted using spline functions (polynomials of degree 5). The isosteric Gibbs free energy G° of adsorption of the different ionic liquids onto MMT was calculated from the law of mass action using the equilibrium constant of exchange Average G° values were calculated from qe values in the range 32-64 mmol/100g (Table 3 ).
The average isosteric enthalpy H° and entropy S° of adsorption were also calculated from the slope and the intercept of the plot of Ln(K ex ) versus 1/T using the equationG° = H° -TS°. Thermodynamic parameters were computed for the adsorption of the five ionic liquids (Table 3 ).
The positive values obtained for ΔH° (Table 3) This could be related to the TGA analyses of the RTIL-intercalated MMT proving the absence of interfoliar water after the RTILs exchange.
Conclusion
This work demonstrates that Na-montmorillonite is a potential adsorbent for ionic liquids 
